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Abstract 

 

Sensors based on the detection of small resistance variations are universally recognized as 

piezoresistive. Being one of the simplest, most common and most investigated classes of 

sensors, continuous efforts are focused on creating improved devices with higher 

performance that can be used in many commercial and non–commercial applications (e.g. 

evaluation of strain, pressure, acceleration, force etc.). Consequently, despite the fact that 

more than 150 years have passed since the discovery of the piezoresistive effect in some 

classes of metals and semiconductors, the development of such sensors remains interesting 

and topical. Moreover, with the advent of second–generation robotics, research on 

piezoresistive sensors has undergone a massive increase. This paper aims to be a short, 

self–consistent vademecum which would be useful to researchers and engineers, since it 

focuses on the fundamentals of theory, materials, and readout–circuit design pertinent to 

the most recent developments in the field of piezoresistive sensors. 

 
 

ACCEPTED M
ANUSCRIP

T



 2 

 

Abbreviations 

A Area 

a Lattice constant 

ACM Common mode gain 

Ad Differential gain 

B Conductivity factor 

CMRR Common Mode Rejection Ratio 

D Beam length 

E Energy 

Ԑ Electric field 

F Force 

GF Gauge factor 

h Planck's constant 

I Inertia 

 
 

Electric current 

k Wavenumber 

l Length 

L Quantum well width 

m Mass 

m* Effective mass 

n Principal quantum number 

p Particle momentum 

q Electron charge 

R Electric resistance 

s Stress 

T Temperature 

t' Scattering mean time 

U Potential energy 

V Volume 

v velocity 

W Width 

X Volume fraction 

 Temperature coefficient 

αi, βi, γi Direction cosines 

δ Displacement 

ε Strain 

η Elasticity 

ϑ Resistance variation 

μ Charge mobility 

 Poisson’s ratio 

πij Piezoresistive coefficient 

 Resistivity 

σ Conductivity 

σl, σt Longitudinal, Transverse stress 


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τ Torque 

Ψ Wave function 

ψn Time–independent wave function  

 Angular velocity 

 

Keywords 

Piezoresistance; piezoresistive devices; sensors; strain; pressure gauges; metals; 

semiconductors; polymers; micromachining; electronic circuits; thick film sensors; thin 

film sensors; tactile sensors. 

 

1. Introduction 

 

Piezoresistive sensors base their operating principle on the piezoresistive effect 

experienced by some classes of materials upon elastic deformation. Universally recognized 

as the most widely–used devices on both micro– (integrated devices, 

microelectromechanical systems “MEMS”, etc.), and macro–scales (e.g. single sensors, 

arrays of sensors) their scientific interest is attested to by the increasing number of scientific 

publications involving piezoresistivity, the trend of which is shown in Fig.1. A more 

comprehensive analysis of the literature shows that piezoresistive sensors, even those 

embedded in sophisticated electronic devices, have been very pervasive in different fields 

(e.g. biological and biomedical applications, harsh environments, heavy industry). 

The application of piezoresistive sensors has progressed enormously in the well–known 

field of robotics in its more general sense, as will be emphasized in this review [1, 2]. In 

the latest literature, many efforts have been focused on the integration of such sensors in 

biomedical robotics for tactile perception and for the development of the so–called 

“electronic skin” (e–skin) [3, 4] in addition to grasping [5, 6], and use in exoskeletons and 

artificial limbs [7]. Nevertheless, in the field of advanced robotic tactile sensors 

piezoresistive materials have been in constant competition with piezoelectric materials 

since the 80’s [3, 4, 8, 9]. 

This paper is organized with the first part focused on the background of piezoresistivity 

in metals and semiconductors in order to highlight the different origins of the piezoresistive 

effect. Then a section follows which is dedicated to the transducers based on both the 

geometrical and the physical piezoresistive effect with particular emphasis on the adopted 

ACCEPTED M
ANUSCRIP

T



 4 

materials, technological solutions, and applications. Finally, a section is dedicated to the 

most recent advances in the design of the readout of electronic circuits. 

2. Piezoresistivity 

The discovery of piezoresistivity dates back to 1856, and is attributed to Lord Kelvin (Sir 

William Thomson, Belfast, 1824–1907) [10, 11]. A step forward in the development of 

piezoresistive devices was made with the discovery of the piezoresistive effect in Silicon 

(Si) and Germanium (Ge) in 1954. The contribution of integrated–circuit (IC) technology 

led to the development of the first generation of commercial Si strain sensors, strain gauges 

(sometimes referred to as strain gages) in the late 1950s (although both spellings exist, the 

word gauge appears to be a more appropriate term to identify a device used in sensing and 

measurement) [12–14]. After World War II, the adoption of such devices began to open up 

new scenarios in emerging fields such as robotics, with the first examples of tactile sensors, 

favoring the birth of new classes of materials that fit the various requirements (e.g. 

piezoresistive silicone rubber for the fabrication of conformable devices and the use of 

silicon carbide for high–temperature applications) [15–17]. 

The etymology of the composite word “piezoresistive” includes two words of different 

linguistic origin: “piezo”, from the Greek “piezein” (πιε΄ξω, infinitive πιε΄ξειν) which 

means «to press, to compress», and is common to other similar effects such as the 

piezoelectric effect, and “resistive”, from the Latin “resistĕre” which means, «to stop». 

Although the physical nature of the energy transduction phenomenon is different, the term 

was coined in analogy to the piezoelectric effect. By referring to the electric nature of the 

devices that we shall describe, and to the etymological meaning of the word 

“piezoresistive”, we may argue that such an effect involves a change in the resistance R of 

an electric conductor (R=ρ·l/A), where ρ is the material resistivity [Ω·cm], l the conductor 

length, and A the transverse section area, because of a change in its geometrical parameters 

originated by an external stimulus (at the macroscopic level). However, in certain 

materials, an equally important part of the piezoresistive effect is due to the change in the 

resistivity ρ [12, 18]. While important studies were focusing on semiconductor materials 

which exploit the energy band theory, investigation was starting on a new class of 

composites consisting of conducting particles dispersed in an insulating matrix [19, 20]. 
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Differently from piezoelectric materials, piezoresistive materials are not inherently able to 

generate an electric signal when strained, while piezoelectric materials spontaneously 

generate an electric potential difference. The former needs to be supplied by an external 

voltage source. If a voltage is applied between the extremities of a conductive bar, the 

geometry of which undergoes a deformation as a consequence of the exerted forces, the 

current also changes according to the change in the resistance, as Ohm's law states. The 

current that flows through the bar is directly related to the external stimulus (in other words 

resistance varies in relation to the mechanical input signal). Piezoresistive sensors are 

generally defined as “active sensors”. These, of course, are different from “passive 

sensors”, which spontaneously generate an electric signal when stimulated so they do not 

need to be supplied by an external voltage source [21]. Contrarily, active sensors need 

specific supply circuits depending on the technology of the transducer. Piezoresistive 

sensors are also used to perform direct measurements of dynamometric and geometric 

parameters. These may include force (friction, Coriolis, etc.), displacement, deformation, 

mass, pressure, flow, level, height, torque, acceleration, cracks, creep, and fatigue [22–28]. 

Very different materials, such as conductive elastomers, carbon fibers, and pure metals or 

alloys — commonly nickel and copper — are involved in the technological processes for 

the manufacturing of piezoresistive sensors. More sophisticated processes are based on 

thin–film–, thick–film– and solid–state technologies [29, 30]. 

3. Piezoresistive effect in metal conductors 

Let’s consider an isotropic electrically conductive, cylindrical bar (see Fig. 2a), to which 

an electric field Ԑ is applied longitudinally. Assume that R is its resistance in the quiescent 

state, at room temperature. Let us now suppose that, upon elongation, because of an applied 

tensile force F, the initial value of the piezoresistor, R0, changes to the final value R. 

Through differentiation of the expression 

dA
A

R
dl

l

R
d

R
dR










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
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and dividing by R we finally obtain 
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Therefore, the initial value of the length (l0) the diameter (d0) and the resistivity (ρ0), after 

deformations reach the final values of l1, d1 and ρ1. 

We define the “longitudinal strain” εl= dl0/l0 as the variation in length per unit length 

and the “diametral strain” εd= dd0/d0 as the variation in diameter per unit diameter. 

Because of the increase in length, a reduction in the cross–sectional area occurs too, ruled 

by Poisson's ratio ν=εd/εl (diametral strain per longitudinal strain). Hence, after the 

application of a tensile strain, the final length and diameter are respectively given by 

l1=l0(1+εl), and d1=d0(1εd) while the new cross–sectional area is A=π(d0/2)2(1–εd)
2. 

Usually the strain is expressed in microstrain, με, as the ratio of l0–6 of length unit to the 

same length unit. Suppose now that there is also a change in volume during the 

deformation; the incremental variation is dV0=A0 dl0+l0 dA0 where V0 and A0 are the volume 

and the cross sectional area, in the quiescent state, respectively. On the other hand dV0=V1–

V0=A1l1–A0l0 from which: 

000

2

2

0

0
)1()1(

2
lAl

d
dV

ll









                        (2) 

By developing the square in brackets (1–εlν)2, and neglecting higher order infinitesimals 

we have 

  21
000


l

lAdV .                              (3) 

B y  considering Eq. (3), with ε l =dl0/l0 and following the substitution in Eq. (1) for which l, 

A and R, have been used in place of l0, A0 and R0, we finally obtain: 

 



21 

l

dld

R

dR
.                              (4) 

Now we can define the longitudinal gauge factor GFl, as the ratio of the change in R 

compared to the relative change in length l 

l

l

RdR

ldl

RdR
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

/

/

/
                                (5) 

and by substituting Eq. (4) into Eq. (5) we can write 




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
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l

l

1
21  .                              (6) 
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In most practical cases, however, the strain gauges have a planar geometry with a 

thickness t much smaller to the length l and the width W. If an electric field Ԑ is now applied 

to a planar strain gauge along the transverse direction w orthogonally to the applied force 

F (out of the page in Fig. 2b), the conducting material experiences the so–called “transverse 

piezoresistive effect”. The aforementioned analysis applies in this case too, and we speak 

of the transverse gauge factor GFt. Table 1 gives the resistivity and longitudinal gauge 

factors of the most common metals used in piezoresistive sensor fabrication. 

4. The Piezoresistive Effect in Semiconductors 

Piezoresistive effect in semiconductors, which manifests itself at the atomic level is less 

evident but much more important than the purely geometrical effect, and contributes to the 

dependence of the resistance variation on the strain. 

This effect, discovered by Smith [12], is based on the induced stress modulation of the 

electric field generated by the charge transport. It is typical of elastic semiconductor bodies, 

such as silicon, germanium and gallium arsenide, and leads to substantial differences in the 

gauge factor previously introduced in Eq. (6). The piezoresistive effect may now be studied 

on the basis of the semiconductor theory or of a phenomenological development. Our 

discussion is based on the former theory while the phenomenological aspect will be briefly 

outlined, since an exhaustive explanation may be found in [36]. By rewriting the expression 

of the electric resistance as a function of the conductivity of the material, σ= qnμ, where n 

is the electron concentration, Eq. (l) and Eq. (4) may be rewritten and, after substitution in 

Eq. (5) we obtain 















n

ndd
GF

)(1
21

1
21  ,                     (7) 

which applies for both the longitudinal and transverse strains. In semiconductors, the gauge 

factor GF is primarily due to the high contribution of the changes that occur in the 

conductivity , or equivalently the resistivity ρ, since the geometrical part gives 

approximately the same contribution that we have found for metal strain gauges. As stated 

in Eq. (7), the changes in conductivity (resistivity) are related to the change in the number 

of free electrons and the change in mobility induced by the lattice deformation. Indeed, in 
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crystalline semiconductors the longitudinal and transverse gauge factors may be strongly 

influenced by the doping level, type, and the crystallographic direction along which the 

tensional or compressional stress is applied [36]. 

4.1 Energy band theory 

The total energy of a particle (with mass m and velocity v), according to classical 

mechanics, is given by the sum of the potential energy of the particle U, and its kinetic 

energy p2 /2m (p= mv is the particle momentum). By using abstract quantum mechanical 

operators, the time–independent Schrödinger equation is given by 

)()()(
)(

2
2

2

xExxU
x

x

m











                       (8) 

The separation constant E corresponds to the energy of the particle (for a particular solution 

to the above equation, En corresponds to the time–independent wave function ψn). In 

addition, for a particle trapped in an infinite square well (in the one–dimensional problem 

U(x) = 0 when 0<x<L, U(x) = ∞ when x=0; L), the above equation assumes the form of 

the wave equation for a free particle. However, if the potential at the boundaries of the well 

has a finite value U0 >E, the boundary conditions do not force the wave function ψ(x) to 

be zero at the barrier, neither within the barrier, nor on the other side. There is a probability 

of finding the particle outside of the well, although its energy is less than the potential 

barrier V0 (tunneling effect). The energy of the particle trapped in the potential well is 

quantized and its expression is given by 

2

222
1

22 L

h

m

n
E

n 












                             (9) 

in which n= ±1, ±2, ±3,..., is called the quantum number. The negative values for the 

quantum number are redundant and the unique solutions are related to positive values of n. 

Each energy level En of the particle corresponds to a time–independent wave function ψn. 

By defining the wave number as k=nπ/L, (9) becomes 

22

22












h

m

k
E

n
.                               (10) 

The energy of an electron, which moves in a single crystal semiconductor (i.e. a periodic 

structure with a lattice constant “a”) because of the interaction with the atoms of the lattice, 

ACCEPTED M
ANUSCRIP

T



 9 

may assume only certain values, while others are not allowed. This situation, compared to 

that of a free electron in a vacuum, is depicted in Fig. 3a. The forbidden energy bands occur 

around k = nπ/a, while, far from these values, in the allowed bands the electron behaves as 

a free particle. The energy plot E(p) of a free electron partially overlaps the energy plot 

E(k) of an electron which moves in solids. The key point of piezoresistivity in 

semiconductors lies in the modification of the energy gap (the upper and lower values are 

defined for each k = nπ/a) as a result of volume changes under the applied stress. However, 

the piezoresistive effect cannot be explained, in a very simplistic manner, on the basis of 

the one-dimensional case we have just discussed. 

In order to clarify how it occurs in crystal semiconductors (the general treatment is 

described by Bloch theory) we need to approach the entire problem by considering the 

three–dimensional (x,y,z) model known as the many–valley energy band model. From the 

mono–dimensional problem, after simple mathematical manipulation we obtain two 

different expressions for the electron mass: 

22
/

1

dpEd
m  ,  

22

2

*

/ dkEd
m


                        (11) 

in which quantum mechanics defines m* as the electron effective mass. Figure 3b shows 

the second derivative of E versus both p and k in (π/a, 2π/a). For a free electron, d2E/dp2 is 

constant and positive. However, for an electron in a periodic lattice d2E/dk2 is not constant 

and, in addition, it is negative at the top of the band. Hence, the effective mass m*<m, at 

the bottom of the band, and m*>m, at the top of the band, where the effective mass is also 

negative. The result is that when an electric field is applied, the electrons at the bottom and 

the top of the band move in opposite directions. For completeness, this fact must be 

considered along the three crystallographic directions x,y,z. Along these directions 

quantum mechanics associates different wave numbers k1, k2, k3 to the components of the 

electron motion, so m* is strictly related to the direction of the motion of the electron in 

the crystal lattice. 

The effective mass is related to the mobility μn of an electron (which we have already 

introduced for metal strain gauges) by μn= qt'/m*= v/Ԑ where t' is the mean time between 

scattering events in the lattice [37]. For this reason, we must expect that mobility will also 

be affected by the direction of the motion of the electron in the lattice. This is shown in 
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Fig. 4 where the constant energy surface near the minima, in the conduction band, are also 

reported in the three–dimensional case, for Ge, GaAs, and Si. The mobility along the 

principal axis of the constant energy surfaces, which have an ellipsoidal shape for Si, is 

quite different from that along the secondary axis (see Fig.4c). When we modify the lattice 

spacing by applying an external stress, we modify the energy levels as well (dashed lines). 

When n–Si is under tensile stress along the [100] k–direction — longitudinal effect — 

the minimum energy level increases along that direction while it decreases along the other 

two. The opposite occurs under compression along [100] — transverse effect. In the latter 

case, the stress can break the equivalence of the minima, resulting in shifting upward and 

downward in energy. Electrons will then be transferred to the lower lying minima to 

minimize the free energy. Thus, mobility decreases and, as a result, the resistivity increases. 

Under certain conditions, the electrons in the valence band might also contribute to 

conductivity in semiconductors. The phenomenon may be better understood by considering 

the unoccupied states in the valence band referred to as holes. Since holes have a positive 

charge, under an electric field, they move (within the valence band) in the opposite 

direction from electrons (which move within the conduction band). There is no net current 

in the valence band unless at least one electron is removed. However, as for n–type 

semiconductors only the electron contribution is important, while for the conduction 

process in p–type semiconductors only the contribution of hole motion in the valence band 

is relevant. In contrast to n–Si, we now have two different energy functions E(k) which 

correspond to two different energy bands. Hence, the second derivative of E with respect 

to k has two different values in the same k direction which lead to two different effective 

masses and mobility values. The difference between the two masses and mobility, 

respectively associated to the two different energy bands, increases in the [111] direction 

which, for this reason, is the most sensitive to stress application. 

If we now apply a traction to the p–Si along the [111] direction, the two bands split apart 

from each other and the respective hole populations change, since holes— which lose 

energy— move to the top where they have decreased mobility, resulting in “heavy holes”; 

the “light hole” band lowers with respect to the former one (see Fig. 5).  

As the hole population with decreased mobility increases (the average hole mobility μp 

decreases), the conductivity σp = qpμp decreases and consequently the resistivity increases 
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[38]. In contrast to n­type silicon, which has a negative gauge factor of about –135, Smith 

found a positive gauge factor of up to 175 in p–type Si massive bodies [12]. Another 

important consideration concerns the doping level in both cases; indeed, as regards low–

impurity concentrations, the percentage of carriers which moves to lower energy levels is 

larger as compared to that of highly–doped silicon. The consequence is that low–doped 

materials have a high gauge factor. 

4.2 The phenomenological approach  

On the basis of the phenomenological development in three–dimensional space, the 

relative resistance change may be expressed as a function of the longitudinal and transverse 

piezoresistive coefficients [36]. The electric field vector, Ԑ, is related to the current vector, 

  by Ohm's law Ԑ =ρ  , through the resistivity tensor ρ (a 3x3 matrix). In crystal having 

a cubic structure, such as Ge, GaAs, and Si the number of the resistivity matrix elements is 

reduced to three (ρ1, ρ2, ρ3 = ρ) by symmetry, which in piezoresistive materials depends on 

three normal and three shear–stress components. From the phenomenological point of 

view, the piezoresistive effect may be described by relative resistivity changes dρ/ρ now 

related to the stress components by a 6x6 matrix of πij elements called piezoresistive 

coefficients [Pa–1]. When the symmetry is cubic, the number of independent piezoresistive 

coefficients is reduced to three: π11, π12 and π44. The longitudinal and transverse 

piezoresistive coefficients may now be expressed as 

 

 2

2

2

1

2

2

2

1

2

2

2

144121112

2

1

2

1
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2

1

2

144121111

)(

)(









t

l                    (12) 

in which α1, β1, γ1 are the direction cosines along the longitudinal axis of the body with 

respect to cubic axis (the same as cubic axis and current flow), while α2, β2, γ2 are the 

direction cosines along the transverse axis of the resistor [39]. Longitudinal and transverse 

piezoresistive coefficients are very important parameters in long resistor semiconductor 

design since they relate the relative change in resistivity to the applied stress 

l l t t

d 
   


                                  (13) 

in which σl and σt now represent stress, not conductivity. The direction of diffused or ion–

implanted resistors with respect to crystallographic direction, when properly chosen in a 
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bridge configuration, allows us to sense only stresses applied in preferential directions. 

Usually, p–silicon is preferred for the making of semiconductor strain gauges since both 

longitudinal and transverse piezoresistive coefficients have a maximum in the <110> 

direction while n–silicon has a minimum in that direction [39]. 

Micromachined semiconductor piezoresistive devices and integrated circuit technologies 

allow the making of micro–sensors and micro–actuators for working at temperatures under 

120 °C. The extreme ease with which it is now possible to etch very thin semiconductor 

cantilevers, allows the making of monolithic devices for both pressure and acceleration 

measurements.  

A different class of new semiconductors—specifically, Silicon carbide (SiC)—has been 

extensively investigated for the fabrication of high–temperature devices [40–42]. In 

general, SiC have superior properties as compared to silicon in terms of elastic modulus, 

thermal conductivity, sublimation temperature, and chemical inertness. SiC forms stable 

polytypes (more than 200) which also influences the position of the conduction band 

minimum in the k–space. Thus, although briefly reported for completeness, the theory is 

limited only to Si while a more exhaustive treatment is available in the literature [43]. In 

Table 2 the longitudinal gauge factors of the most common semiconductors for 

piezoresistive sensor fabrication are reported. An important consideration concerns the 

influence of temperature because of changes in environmental conditions or piezoresistor 

self–heating. If the temperature changes from Ta to Tb, the resistance changes from Ra to 

Rb, given by 

  
abab

TTRR  1 .                             (14) 

Temperature compensation includes passive and active techniques. In the first case, extra 

components (e.g. fixed and temperature–dependent resistors) are used to compensate the 

errors of offset and sensitivity [44, 45]. Often the use of dedicated electronic circuits is 

necessary and these will be discussed in the section dedicated to readout–circuit design. 

Active techniques usually include digital compensation of the temperature and the use of 

additional temperature–monitoring units to reduce the above–mentioned errors in order to 

decrease, if possible, the incidence of temperature variations (e.g. digital calibration, 

thermostatic control) [46–48]. The gauge factor also changes with temperature, and there 

are substantial differences between the thermal expansion coefficients of the support (the 
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massive body being tested), the gauge, and the bonding material. There are gauges which 

self– compensate only for particular material supports; otherwise the effects of temperature 

must be electrically compensated [49, 50]. 

 

5. Piezoresistive Effect in Polymer Composites 

Polymers are widely known as insulating matrices with excellent optical and mechanical 

properties. In the last 20 years many attempts to fabricate polymeric sensors by modifying 

their structure have been carried out. In the literature a great number of researchers have 

investigated the electric properties of polymers with incorporated particles (i.e. fillers) and 

the conduction mechanisms. The tool employed for the description of electric conduction 

in polymer composites (i.e. polymers and dispersed conductive particles) is called the 

percolation theory. At low filler concentrations (see Fig. 6a), metal particles are quite 

isolated and dispersed inside the insulating matrix resulting in a high electric resistance. 

By increasing the concentration of the filler, a conductive path is established and thus a 

drastic reduction in electric resistance comes about, defining the so–called “percolation 

threshold” (see Fig. 6b). 

This is a simplified explanation but in reality different parameters are involved in the 

conduction mechanisms (e.g. particle geometries and properties, insulating matrix 

properties, and polymer–particle interaction). The conductivity of an insulating mixture 

above the percolation threshold can be expressed by using the model proposed by 

Kirkpatrick and Zallen as  

 
B

C
XX 

0
                                (15) 

where X is the volume fraction of the filler, XC is the volume fraction of the filler when the 

percolation threshold is reached, and B the power of the conductivity increase after 

reaching the threshold. The latter is dependent on the properties of the filler (e.g. geometry) 

[54]. 

Several comprehensive and exhaustive reviews of different percolation models have 

been published, which even report on a wide range of supporting studies together with the 

experimental evaluations of the different polymers and fillers tested [54, 55]. When the 
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distance between the conductive particles is 10 nm or less but there is no physical contact, 

the tunneling conduction mechanism occurs, characterized by a power law current–voltage 

relationship [56, 57]. Conventional fillers used for increasing the electric conductivity of 

polymer composites are categorized as microfillers, the dimensions of which are in the 

microscale (e.g. carbon micro fibers, graphite), or nanofillers – e.g. carbon nanotubes 

(CNT), nanosheets of graphite/graphene, carbon black, etc. will be better discussed later.  

6. Geometrical Effect–Based Strain Gauges 

6.1 Non–Metal Strain Gauges  

Conductive rubber and carbon–fiber strain gauges have been widely investigated in the 

field of robotics, particularly for the fabrication of tactile sensors. The goals were to achieve 

compliance, lightness, sturdiness, and low cost products; however both conductive rubber 

and carbon–fiber strain gauges suffer non–linearity and a high degree of hysteresis. 

Conductive rubbers are usually fabricated by incorporating conductive particles of 

different types and dimensions, into a silicone–based matrix. Their sturdiness and 

compliance rendered them one of the most suitable materials for important applications in 

the field of robotics for the fabrication of tactile sensors able to withstand and adapt to 

damage and inaccuracy during robot positioning and the grasp. Row­by–column matrices 

are one of the most widespread configurations, an example of which can be seen in Fig. 7, 

fabricated with a Mylar film on silicone rubber. 

In the literature, polyurethane foam has been investigated with an eye to increasing the 

compliance. The foam was coupled with conductive wires for the electric connections 

(made of conductive rubber) and a hybrid technology was realized [58]. The exertion of a 

force over the matrix causes variations in the contact area of the rubber sheets resulting in 

a variation of the electric resistance. At low loads the sensor response follows the law R = 

k/F where constant k has the dimension of Ω·kg and F is the applied force. 

Different polymeric insulating materials have been adopted for non–metal strain gauges, 

such as polydimethylsiloxane (PDMS), polypropylene (PP), polycarbonate (PC), 

polymethyl methacrylate (PMMA), polyelectrolytes (PE), flexible epoxy and polyvinyl 

alcohol (PVA), to cite just a few examples [59–64]. Generally speaking, carbon is the most 

common filler used in polymer–based composites. The allotropic structures of carbon, such 

ACCEPTED M
ANUSCRIP

T



 15 

as carbon nanotubes and graphene, have recently been investigated for piezoresistive–

sensing applications. Graphene is a single–layered (one atom thick) two–dimensional array 

of carbon hexagons. First discovered in 1960 and later isolated in measurable quantities in 

2004 by Geim and Novoselov, graphene has attracted quite lot of interest because it 

presents excellent mechanical, thermal and electric properties as compared to other 

conductive fillers [65–69]. Coskun et al. have proposed graphene–based elastomers as 

flexible polymer sensors with promising characteristics for detecting dynamic forces [70]. 

The inherent mechanical property of this new class of sensors to detect both small and large 

vibrations lies in its internal honeycomb–like structure, and it depends on the quantity of 

graphene used during the fabrication procedure [71]. Rinaldi et al. studied a novel 

lightweight piezoresistive sensor based on PDMS polymers in a foam format coated with 

multi–layer graphene nanoplatelets for applications requiring high sensitivity, such as 

wearable health care systems and human–machine interfacing devices [72]. Ye et al. 

investigated flexible and wearable strain sensors based on graphene oxide and 

polyethylenimine composites; these exhibited exceptional properties in terms of 

sensitivity, linearity, stretchabilty and durability [73]. 

Carbon nanotubes, first discovered by Iijima in 1991 and synthesized in 1993, have 

attracted a remarkable degree of interest as a possible filler material for the lightweight 

structures of polymers for numerous applications [74–77]. Unlike conventional strain 

sensors, (i.e. metallic and semiconductor) CNTs can be embedded into structural materials 

and can operate on a nanoscale as both multidirectional and multifunctional high–

resolution sensors. Based on their structures, CNTs can be classified as single– or multi–

walled, referring to the numbers of layers a CNT consists of Polymers in conjunction with 

CNTs have been used in many applied fields. A carbon nanotube–polydimethylsiloxane 

(CNT–PDMS) device has been developed for electronic skin applications in order to mimic 

the complex anatomical structure of the fingertip [77]. Yamada et al. presented a novel 

stretchable sensor for applications such as human motion detection, health monitoring, and 

rehabilitation. The device consists of aligned single–walled carbon nanotubes placed on 

PDMS substrates, and is able to detect strains 50 times greater than conventional metal 

strain gauges [78]. Cho et al. proposed three–dimensional nanoporous electrodes based on 

polymer substrates loaded with CNTs, achieving a gauge factor of up to 134 at a maximum 
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tensile strain of 40 %, and the potential applications of these could be the dynamic detection 

of human joint motion [77–81]. 

Basically, the piezoresistive properties of the conductive polymer composites are related 

to the type and the concentration of the filler that is added to the polymer matrix. Table 3 

reports the resistivity values of a few conductive composites depending on the percentage 

content of the fillers used. As regards the gauge factor of conductive polymers loaded with 

carbon fillers, Shang et al. showed a non–linear behavior of the gauge factor as a function 

of the mechanical deformation for carbon black/silicone composites [82]. That result was 

different from that of other carbon–based polymers. For instance, Wang et al. reported a 

constant gauge–factor value for graphene/PDMS composites testing different filler 

concentrations [83]. A similar result was found for strain sensors made of CNT/PDMS 

composites [84]. 

Conductive polymer composites are commonly synthesized by mixing carbon fillers and 

polymer materials using low–frequency ultrasound with or without the addition of 

detergents [85]. This preparation method is quick and simple, overcoming limitations of 

metal and semiconductor systems. However, one of the main challenges is that it is usually 

difficult to homogenously distribute the carbon fillers within the polymer matrix [86]. 

Another drawback in the fabrication of conductive composites is the choice of the mix ratio 

of the carbon fillers and the polymer material. In fact, the mixing ratio determines the 

conductivity and the mechanical deformability of the conductive composites. High 

conductivity involves a reduction of stretchability, and this aspect has restricted the 

application fields of conductive composites especially as far as stretchable electronics is 

concerned [87]. 

6.2 Metal Strain Gauges 

Undoubtedly, metal strain gauges are one of the most affordable and reliable 

technologies. The transducers are usually made using a metal strip several micrometers 

thick, patterned in a meandering geometry (see Fig. 8) to increase the length of the resistor 

over a small area (standard linear dimensions range from l mm up to a few cm). However, 

the width can be greatly inferior to the length l (see Fig. 8b). Thicknesses of about 5 μm 

are quite common resulting in a resting resistance which can range from 120 Ω to 750 Ω, 

even though transducers with larger values are also commercially available. In these cases, 
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the metal foil grid is set in a plastic or other type of support (paper, polyimide or other 

insulating polymers), resulting in an overall thickness of about 25 μm. 

The temperature of operation of such devices can reach about 130 °C. The strain limit is 

about 40·103 με, while longitudinal and transverse gauge factors are about two and zero, 

respectively. However, the gauge factor also depends on the resistivity of the material ρ = 

(qnµ)–1. In metals, not one of these parameters is influenced by the experienced stress, (the 

reason for this has been previously discussed in section IV treating the piezoresistive effect 

of semiconductors). 

Metal foil technology is well–suited to be mounted closely to the body which is subject 

to strain (these are often referred to as “bonded” strain gauges). Conversely, the so–called 

“unbonded” strain gauges are fabricated using different conducting wires and find different 

applications as force transducers. Bonded gauges are directly placed on the surface of the 

massive body, the strain of which must be measured. Because of its particular geometry, 

the piezoresistor is mounted with the grid parallel to the direction of the dominant strain 

“longitudinal strain” although the massive body may also experience a secondary 

“transverse strain”, in the orthogonal direction; this, however, is totally neglected because 

of the null GFt. Actually, the particular meandering geometry of bonded gauges makes 

them sensitive to transverse strain as well. However, the contribution of the very small 

parts of the conductor in a width–wise sense is negligible as compared to the contribution 

of the length–wise conductor. In Fig. 8c a geometrical arrangement of three strain gauges 

called a “rosette” is shown, for use in multi–component force fields.  

Nanomaterials such as metallic nanowires have also been used for the design of 

piezoresistive sensors, especially for electronic skin applications. Different materials have 

been employed for the fabrication of nanowires [93–97]. Silver and gold nanowires have a 

high conductivity (63·104 S/cm and 45.2·104 S/cm, respectively), ensuring low power 

consumption during the sensing operation [98]. However, they are expensive to fabricate. 

Copper nanowires present a conductivity (59.6·104 S/cm) similar to that of nanowires made 

of silver or gold, but they are much cheaper to make. The main drawbacks related to the 

use of copper nanowires are the thermal oxidation and chemical corrosion that occur in 

harsh conditions, which leads to the loss of conductivity over time [99]. 
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6.3 Thick–Film Strain Gauges 

Strain gauges fabricated in thick film employ an organic fluid suspension made with 

conductive glass particles (i.e. resistive inks), deposited on a ceramic substrate (an alumina 

film 250–500 μm in thickness) [100]. 

In thick–film technology, the typical thickness that can be achieved is on the order of 

several microns up to several hundred microns, and this is strictly determined by the 

fabrication process [101]. Thick–film piezoresistive sensors are advantageous and are used 

in many applied fields, above all for their compatibility with difficult environments and 

their low fabrication costs [102–109]. Factors influencing strain sensitivity are the 

variations of resistivity, conductive–grain characteristics, the strain (e.g. elongation or 

compression) and the electric field. Although we have included thick–film strain gauges 

among those based on the geometrical piezoresistive effect, the conduction mechanism and 

the strain sensitivity are primarily dominated by the tunneling effect, which has been 

previously discussed in the semiconductor strain–gauge section. Typical thick–film 

longitudinal and transverse gauge factors are on the order of a few dozen, and find ample 

application in situations where there are high temperatures and harsh environments. At the 

moment thick–film technology, although inadequate for large–scale integration, is finding 

application in hybrid technology (e.g. assembled close to integrated circuits). 

6.4 Thin–Film Strain Gauges  

SnO and SiO cermet thin–films deposited onto ceramic substrates have been employed for 

strain gauge fabrication in the electronics industry [109]. Other types such as Ni and Ta 

may be deposited by means of vacuum processes, evaporation, sputtering or plasma–

chemical vapor deposition. The miniaturization of these devices is both possible and 

economical, in particular when great accuracy is required [110]. The most common 

technological process of fabrication — particularly employed when accurate measurements 

are required — consists of sputtering the gauge material directly on top of the massive body 

being tested, and subsequently etching it according to proper geometries. The maximum 

operational temperature reaches about 150 °C [3]. 

Thin–film strain sensors have attracted a great deal of attention in a variety of applied 

fields, including electronic skin and health–monitoring systems. Metallic thin–film sensors 

using gold as the piezoresistive material are commonly used for measuring the tactile 

ACCEPTED M
ANUSCRIP

T



 19 

sensitivity and forces exerted during the locomotion of small biological organisms [111]. 

In Xian et al. metallic–glass thin films are used as flexible strain sensors for electronic skin 

applications [112]. This material consists of different metals (zirconium, copper, nickel and 

aluminum) deposited on a flexible polycarbonate substrate. Engel et al. have developed an 

artificial skin that consists of a contact force and hardness–testing sensor based on a 

piezoresistive transduction mechanism. They fabricate their strain gauges using thin films 

made of nickel and chromium [113]. As compared to other thin–film strain gauges (CNTs, 

graphene, metals or alloys and conductive polymers), metallic–glass sensors combine 

advantages in terms of conductivity, flexibility, manufacturing costs, and sensitivity. In 

addition, metallic–glass strain sensors have shown very low temperature coefficient 

besides antimicrobial properties. All these properties make metallic glass a promising 

material, especially for electronic skin applications. 

In the case of metallic thin–film sensors, the gauge factor is mainly based on geometric 

effects, and is about 2 [113]. The gauge factor is therefore comparable to that of metal 

strain gauges, but metallic thin–films have little stretchability, as do most metallic 

materials. In order to increase the stretchability of metallic thin–films, they are put onto 

polymeric substrates in curved or wavy shapes [114–116].  

7. Piezoresistive Strain–Gauge Applications 

7.1 Force sensors  

Forces change the quiescent or motile state of a body to which they are applied. 

According to Newton's second law, under the application of a force F = mdv/dt, a body of 

mass m moves with an acceleration dv/dt. In the last 20 years, especially in the field of 

robotics, intensive efforts have been devoted to the development and sensorization of 

humanoids [117]. Contact sensors are of fundamental importance for the measurement of 

the physical forces that occur when a robotic end–effector makes contact with an object. In 

most of the recent literature having to do with robot sensorization, an approach based on 

the bio–inspired mechanoreceptor viewpoint (e.g. Merkel, Ruffini, Meissner and Pacini 

corpuscles) for tactile sensing is used [118, 119]. Each receptor is thus dedicated to a 

particular stimulus, such as static or non–static, which corresponds to the detection of static 

stress and vibrations [120]. Both as transducers and arrays, tactile sensors are required to 
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perceive an incipient stimulus, and to identify and detect the orientation/position of the 

target, giving exteroceptive information during its task [121]. A valid set of performance 

criteria that tactile sensors should have was suggested back in the 1980s and then 

progressively refined, as reported in Table 4. 

More recently, the advent of the first and second waves of robotic systems for human 

mimesis and rehabilitation consequently changed the requirements in terms of 

piezoresistive sensor integration. Force measurements are usually performed by combining 

shear stresses with cantilever beams of different configurations [126].  

Most commercial and non–commercial strain gauge sensors for force measurements are 

based on small deflections of beams, cantilevers or diaphragms [127–130]. Usually at least 

two or more gauges are bonded onto the opposite faces (top and bottom) of a cantilever or 

a membrane fixed at one or both ends, respectively. The need for flexible, compliant and 

conformable devices is accelerating their development in the field of composite materials 

as previously discussed, which combine mechanical flexibility and resistance and can 

protect the sensors from the external environment. Based on conduction mechanisms, the 

material/composites employed in tactile sensors can be further divided into strain gauges 

(e.g. metal– or silicon–based gauges), percolative (e.g. conductive rubbers, carbon–black– 

and carbon–nanotube–based composites), and quantum tunneling (thick film, metal 

dispersed particle–based sensors) [124, 131–133]. Recently, most of the commercial 

sensors dedicated to human touch mimesis are implemented with Force Sensing Resistors 

(FSR), consisting of conducting interdigitated electrodes deposited on a flexible polymeric 

film bonded on another conductive polymeric film. A spacer between the two films allows 

an electric contact to occur when a force is applied. These FSR are unusually employed in 

high–accuracy applications [7]. 

Concerning their functioning principle, in most of the integrated piezoresistive sensors, 

the force, applied at the end or in the central region, deflects the beam and induces a 

compression or an expansion of the gauges depending on the beam geometry and 

constraints. According to Hooke's law the modulus of elasticity η=s/ε, stress/strain, is 

given, for a traction FT or compression FC respectively, by 
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The electric output signals of the gauges are proportional to the applied force through 

longitudinal displacement (see Fig. 9). 

The major drawbacks of the classic (semiconductor and metallic) strain gauges are their 

mechanical fragility, and scarce thermal stability. In order to overcome these 

disadvantages, the use of flexible substrates was investigated both by integrating rigid 

transducers and/or by including microparticles in order to decrease the stiffness of the 

sensors. 

A typical process for rigid transducer integration is the so–called Silicon–on–Insulator 

(SOI), in which an intermediate oxide layer is used to stop the etching of the bulk Si 

substrate (see Fig. 10a). The Si wafer is also oxidized on the bottom and a large window is 

subsequently opened. This opening serves to etch the bulk Si in the last steps. On the 

opposite side the silicon is etched away as far as the intermediate oxide stop layer, to form 

the cantilever. A new thin–oxide layer is grown as a passivation layer. Contact holes are 

opened in sequence, after which a thin metal (e.g. aluminum) layer is sputtered, patterned 

and etched in order to contact previously diffused resistors (see Fig. 10b). After protection 

of the top layer with insulating polymers, the bulk silicon is etched through the large 

window. Finally, the original oxide layer is etched and removed to form the cantilever (see 

Fig. 10 c, d).  

7.2 Displacement sensors 

Strain gauges mounted in order to sense both the tension and the compression of the 

beam are frequently used to make displacement sensors. A force sensor can be fabricated 

by a calibrated displacement sensor with a well–known stiffness. In Fig. 9b, the beam is 

deflected by a sensing shaft and the displacement can be measured using the following 

formula: 
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where D is the length of the beam, d is the distance at which the force F is applied, and I is 

the moment of inertia of the beam. Considering a given displacement at the center, the 

stress/strain is proportional to its thickness thus imposing constraints on the placement of 

the transducer element and the thickness of the beam [134]. Cantilevers and beams are 
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commonly designed and fabricated as displacement sensors using various topologies (see 

Table 5). 

Working at low frequencies is important for reducing 1/f noise and even Johnson noise 

inherently due to thermal energy in the resistor. Long time stability (in terms of hours) is 

also desirable [138]. 

7.3 Weight sensors 

One other application in which force transducers are used is that of weight measurements 

[139]. Weight can be seen as a particular force; more precisely it is the force which acts on 

any object immersed in a gravitational field. Hence, the weight measurement may be turned 

into a force measurement by taking into account the fact that the terrestrial gravitational 

field changes according to geographical characteristics. The gravitational acceleration 

decreases by about 0.53 % by moving from the poles to the equator and by about 0.03 % 

by moving from sea level to 1000 m [140]. 

7.4 Pressure sensors 

Strain gauges for pressure measurements convert pressure variations (force per unit area) 

into resistance variations. Both bonded and unbonded metal strain gauges as well as 

sputtered thin film gauges have been used for this application. For measurements of the 

order of a few hundred kgm–2 semiconductor strain gauges are also used. The transducers 

are usually located on the backside of a membrane, opposite to where the pressure is 

applied.  

The micromachining of silicon is currently a mature technology for the fabrication of 

pressure sensors although Si is easily broken (maximum strain of 2 %) [141]. This is a 

consolidated technology which makes the fabrication of devices possible that can sense a 

very wide range of pressures; this can be done by designing the transducer with the proper 

dimensions (e.g. diaphragm, beam, cantilever) [142]. The basic design structure among 

most types of pressure sensors is quite similar: a diaphragm, which flexes upon pressure, 

which is the parameter to be evaluated. Mechanical deflections/strains are thus transduced 

through properly located piezoresistive elements [143–145]. 

Notwithstanding the high gauge factor of the silicon–based pressure sensors, attention 

should be paid to the temperature coefficient of piezoresistivity (0.27 %·°C–1) and doping 
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concentration, both of which impose limits on the temperature range and compensation 

circuits [146].  

Although different canonical forms of integrated piezoresistors are often employed, Fig. 

11 shows a typical arrangement of a cruciform pressure sensor.  

7.5 Flow sensors 

A particular application for pressure sensors concerns the indirect flow measurement of 

gasses or liquids. These sensors are classified as non–thermal devices, and the pressure 

variation due to variations in the flow of the substance is measured through a mechanical 

linkage between a diaphragm and the strain gauges. 

The diaphragm, which is in direct contact with the fluid, converts a pressure variation 

into mechanical motion which is then accurately transmitted to a strain gauge bridge. When 

fluids are not highly corrosive, the strain gauge bridge is located directly on a membrane 

or a cantilever (see Fig. 12). Thin layers of insulating material are nevertheless used to 

prevent possible corrosion due to long periods of exposition to the fluid, short circuits due 

to fluid conductivity, or damage due to sensitivity to high temperatures.  

Piezoresistive flow sensors have been applied in biomimetics, where the technology is 

used to mimic nature. Examples of flow biosensors can be found in vertebrates such as 

fish. These sensing elements consist of tiny structures known as hair cells, which are 

located in a well–organized manner on their bodies and act as flow sensors that monitor 

the surrounding environment for tasks related to motion, orientation and prey localization 

[147]. Invertebrates such as spiders also use hair cells as air–flow sensors to detect very 

slight displacements [148]. Recent studies have highlighted the role of hair cells in bat 

wings in connection with flight maneuverability [149]. Biological hair cells are also found 

in humans and other vertebrates for sensing acoustic vibrations and equilibrium [150]. 

Artificial biomimetic flow sensors based on the piezoresistive principle have been 

fabricated using different geometries and materials [151–154]. Shen et al. have exploited 

these sensing elements to fabricate piezoresistive flow sensors based on MEMS technology 

to measure the flow rate in the tubes used for intravenous infusion administration. The 

sensor is composed of a vertical hair located on a polymer diaphragm plus a gold thin–film 

that realizes the transduction [155].  
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A general drawback of the piezoresistive flow sensors is the mechanical damage induced 

by high flow velocities. Flow sensitivity and time response are the common parameters 

used to characterize this type of sensor, which are strictly related to the size of the cantilever 

used for the detection of the strain. Wang et al. reported that the flow–rate sensitivity of air 

flow sensors increases when wider cantilever beams are used. But the response time was 

found to increase as the cantilever width was decreased [156]. Data for piezoresistive flow 

sensors are reported in Table 6. 

7.6 Torque sensors  

Torque is the moment of a force applied to a body rotating around an axis in order to 

accelerate or decelerate its rotational motion. Hence, a torque transducer senses the shear 

stresses in a torsion bar, the axis of which rotates as a result of the applied torque. If Ft is 

the tangential force applied to a point far from the axis of a distance d, the torque is given 

by τ= Ftd. = I·dω/dt, where ω is the angular velocity. Usually bonded metal foil and 

semiconductor strain gauges in a cruciform arrangement (see Fig. 13), are used for this 

application. The strain gauges are placed at 45° angles relative to the main axis in order to 

maximize the sensitivity. One pair of sensors is designated for detecting tensional strains. 

The other pair can measure compressive strains. 

Torque sensors are useful in many industrial applications, including robotics. For 

instance, these types of sensors have been used successfully in the rehabilitation field to 

support patients regaining mobility of the wrist joint [158]. Polymer–based composite 

materials have also been used to make piezoresistive torque sensors for implants and 

artificial joints, with the aim of increasing biocompatibility and compatibility with 

electronic circuitry while decreasing the manufacturing costs [159]. The use of 

piezoresistive torque sensors in robotic applications is still a question of compromise 

between sensitivity and torsional stiffness. In fact, these two factors are inversely 

proportional to each other. Moreover, other issues can be related to the placement of the 

strain gauges on the body of the sensors, and to miniaturization, although some 

advancements have been reported recently in terms of design optimization that aims at 

overcoming these drawbacks [160]. 
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7.7 Acceleration sensors  

Strain gauge sensors for acceleration measurements have the typical configuration of a 

force sensor terminating in a seismic mass. Accelerometers convert the alternating 

displacement of a mass–spring system (with dumping), around a quiescent position, into a 

variation of resistance. As in previously discussed sensors, acceleration measurements are 

performed by mounting two gauges on the opposite faces of a cantilever beam at the end 

of which a body of mass m is located (see Fig. 14). The damping medium is usually a 

viscoelastic fluid such as silicon oil (not shown in Fig. 14). The top and bottom strain 

gauges work alternately in tension or compression depending on the acceleration or 

deceleration (negative variation of body velocity) of the seismic mass. The mass is sensitive 

to orthogonal acceleration on the main surfaces of the cantilever, the displacement of which 

is proportional to the acceleration. Since m is known, the mass acceleration can be found 

by using Newton's second law F=mdv/dt. Devices are usually based on metallic bonded 

strain gauges as well as semiconductor strain gauges. The first silicon micromachined 

accelerometer was developed at Stanford University in 1979 [161]. The piezoresistor 

device is included within an electronic circuit that provides an electric signal linearly 

proportional to the acceleration. The whole system is only a few millimeters in size. 

In accelerometer production, the etching process may be controlled in order to obtain the 

seismic mass at the end of the cantilever. When accelerated, the cantilever bends and the 

resistance values of the diffused piezoresistors change. The strain–sensing resistors are 

placed at points of maximum stress and the seismic mass may be suspended along one edge 

or from points along both edges. 

Typical characteristics of piezoresistive accelerometers are frequency response, 

sensitivity (expressed in terms of mV/g), and linearity. More specifically, they have a broad 

frequency range (from dc up to a few kHz), a sensitivity of up to 25 mV/g depending on 

the gauge mounted on the cantilever beam, and a dynamic range of ±1,000g with an error 

of less than 1 % [162]. Other advantages are the low fabrication costs, the fact that it’s 

lightweight and the possibility of miniaturization. Notwithstanding the great sensitivity and 

good frequency response, piezoresistive accelerometers have some limitations such as the 

negative influence of high working temperatures on output performance, and the bandwidth 

that has to be traded off with sensitivity. 
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Acceleration sensors based on piezoresistive technology are widely used in the 

automotive, medical and robotics fields, as well as others [163]. An interesting use of 

piezoresistive accelerometers is related to the proprioception of robots, which provides 

information about their positioning and orientation [164]. Piezoresistive accelerometers are 

also used for measuring human tremors, a clinical manifestation characterized by 

involuntary movements of body parts [165]. The frequencies of neurodegenerative diseases 

— which are the cause of tremors — range from a few tenths of Hz up to 25 Hz, depending 

on the medical condition of the patient [166]. The good frequency response they give at 

very low frequencies together with their excellent sensitivity represent the main 

characteristics that legitimize the use of piezoresistive accelerometers in tremor diagnostic 

systems. 

8. Electronic Circuits for Piezoresistive Devices 

The electric output signal of a piezoresistive strain gauge in its original form is useless 

for practical purposes. Before further analog or digital conditioning, it needs to be 

amplified by low–noise circuits. The first stage of the electronic acquisition unit, the 

preamplifier, is the most important block since, in general, it matches two blocks of a 

different nature, the transducer itself and the global electronic circuit, made with other 

cascaded stages which are usually general purpose analog or digital circuits, and, less 

frequently, specialized circuits [167–169]. A classic conditioning circuit consists of a 

Wheatstone bridge through the generation of a non–zero voltage V in response to bridge 

imbalance generated by one or more of the resistive elements (see Table 7). 

Basically, the piezoresistive sensor consists of a Wheatstone bridge or a half–bridge 

circuit, the arms of which are made with dummy, RD, and strain gauges, RG = RD + ΔR, 

(the former are used for compensation purposes and are mounted onto the unstrained 

portion of the body being tested) [170]. Figure 15 shows a full Wheatstone bridge. There 

are four arms in which from 1 up to 4 strain gauges are connected to three, or fewer, dummy 

gauges. 
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Two nodes of the bridge are connected to the supply voltage V, while the other two are 

connected to the electronic preamplifier, mounted in the differential dc configuration, the 

output of which is related to the strain gauge resistance variation by 
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where ϑ is R/RD. Apart from the full bridge configuration (i.e. load cell), resistive bridges 

suffer from an inherent non–linearity as long as ΔR/RD <<1, in addition to the non–

linearities arising from other sources.  

The output–offset voltage, which may be of the same order of magnitude as the 

transduced signal and must therefore be compensated, is given by VOS=Vio 

(RD+RF)/RD+(I2I1)RF, where Vio is the input offset voltage of the operational amplifier, 

and I1, and I2 are the non–inverting and inverting input bias currents, respectively. For this 

preamplifier configuration, which has very low input impedance, an operational amplifier 

with a good common–mode rejection ratio, CMRR, is suggested. Figure 16 shows a better 

topology of the differential dc amplifier, where the output of the bridge (which, here too, 

may be made using from 1 up to 4 strain gauges) is connected to the so–called 

instrumentation amplifier [3, 167].  

This topology, also known as a differential buffer amplifier, offers many advantages as 

compared to the former one. First of all it has very high input impedance. In addition, its 

gain may be easily changed by modifying the value of the resistor R1. Then, if the second 

stage is carefully balanced, the preamplifier has a very high capability of rejecting 

common–mode (CM) signals. Indeed, since VCM=V01=V02, the common–mode noise 

pickup is completely rejected by the second differential stage, which has a common–mode 

gain ACM=0. The differential gain of the preamplifier is given by Ad=1+2RF/R1.  

A third topology is sometimes used in combination with the half bridge. This is the 

simplest and least used circuit. However, for particular applications it has some advantages. 

The sensor consists of two arms which are respectively made using only one strain gauge 

and one dummy gauge in a potentiometric configuration (see Fig. 17) [171].  

The bridge arms are connected to a current–to–voltage converter made with a low–noise 

operational amplifier. This configuration is suggested when the half bridge is connected 
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very closely to the converter. Indeed, in contrast to both the differential dc and buffer 

amplifiers, the CM signal is not rejected by the converter. Figure 18 shows another 

arrangement in which two similar configurations, if required, may be mounted on the 

opposite faces of a cantilever force sensor [3]. 

The strain gauge couple senses the pressure signals that have the same amplitude but are 

opposite in polarity. The push–pull voltages, due to a mechanical stimulus, may be added 

in modulus and amplified, if necessary, by a second differential stage. This circuit topology 

allows the doubling of the electric signal generated by the pressure on the cantilever and a 

drastic reduction in the noise generated by the transducers. As for the instrumentation 

preamplifier, the CM signal is now rejected by the second stage. The output of the upper 

or lower channel of the first stage does not depend on the strains induced simultaneously 

on both piezoresistor strain gauges, as would happen if a differential buffer amplifier was 

used. In the quiescent state, both the channels may be tested and calibrated separately. The 

gain is selected by using fixed resistors instead of variable resistors, which is preferable 

when the sensor is included in mobile small effectors. Finally, the sensitivity may be 

increased by increasing the bridge supply voltage. In contrast to the differential buffer 

amplifier, in this particular topology each operational amplifier of the first stage does not 

suffer from common–mode voltage limitation. The only limit in supplying voltage is 

imposed by the piezoresistive strain gauges because of self–heating, as well as the normal 

limitations of the gauge elements (4–5 V for most commercially available strain gauges). 

If εU and εL are, respectively, the strain on the upper and lower strain gauges, when an 

external force is applied to the cantilever (see Fig. 9a), the variations in the resistance of 

the upper and lower sensing elements are respectively GF= ΔR/RU(1/εU) and GF= 

ΔR/RL(–1/εL). Let V be the bridge supply voltage, RF the feedback resistance of the 

current–to–voltage converter, and RD equal to RU, RL, the resistance of the strain 

gauge in the quiescent state. Each converter output V0= V(RF/RD)(±ΔR/RD) is 

proportional to the ratio ±GFε, where ε is the upper or lower strain. Moreover, the signal 

at the output of the differential dc amplifier is proportional to GFεU  GF(εl). The output 

offset voltage of each converter is given by the following expression VOS= –

RF·(I2+2Vio/RD). In each of the analyzed configurations, temperature compensation may 
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be performed by inserting a resistor in series with the supply voltage or with a properly 

chosen arm of the bridge [52], [53]. 

Power consumption has become an important limiting factor in the development of 

piezoresistive sensors, especially if the power supply limits the design (e.g. wearable 

devices for biomedical and home applications) [172, 173]. In voltage mode readout 

circuits, a higher nominal value strain gauge yields lower power consumption while, for 

current mode circuit topology, the opposite happens [45, 172]. The effect of self–heating 

is the cause of frequent measuring errors unless the power is kept as low as possible [174]. 

Optimal length is often a compromise between the reduction of self–heating (shorter strain 

gauge) and the increase of the transverse loading factor (longer strain gauge) [53]. The 

typical power consumption of a resistive gauge element is in the mW range while for other 

technologies, such as that of piezoelectric or capacitive sensors, it can be reduced to a few 

hundred nW or less [175–177]. Compared to passive piezoresistors that need a voltage 

source to measure the strain, piezoelectric sensors generate an electric potential difference 

in response to a mechanical stimulus. Therefore, heating issues are limited since they do 

not require a power source to operate. Differently from metals and semiconductor–based 

piezoresistors, thin conducting polymers must be driven at sub–mW to avoid excessive 

self–heating due to the large temperature coefficient [178]. Being closely related to the 

material and size of the element, the ever–increasing need to scale down the device into 

the nanoscale range has emphasized the heating issue which is detrimental to noise and 

sensitivity [53, 179]. 

As previously highlighted in this section, while in the simplest cases piezoresistive 

sensors do not require complex conditioning circuitry, different strategies have been 

implemented for working under low–voltage/low–power conditions, at the same time 

increasing the accuracy that is also limited by errors of the electronic interface [180]. In 

the Wheatstone bridge, its greater sensitivity is paid by a higher excitation source, which 

limits its operation at low–power [180]. The effects of changes in the saturation current in 

a bipolar transistor (i.e. piezojunction) or in the p– and n–channel MOSFET (i.e. piezo–

FET) current, both related to mechanical stress, have been investigated as a low– and 

ultralow–power alternative [182, 183]. In the latter cases, power can range from a few W 

down into the nW range, even though the circuit complexity increases significantly [182–
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184]. A number of techniques have been focused on an electronic interface for improving 

the overall performance of the sensor, including power consumption. A simple alternative, 

the so–called “active bridge”, is based on the use of a current source for both biasing the 

gauge and amplifying the small output signal, allowing low–voltage operation and a 

consumption of only a few hundred µW [185, 186]. Moreover, interfaces with automatic 

compensation such as autozero circuits, chopper circuits and dynamic element–matching 

circuits have also been investigated as low–voltage, low–power integrated systems [180]. 

Integrated circuit technology offers the enormous advantages of combining both the 

micromachined transducer and the acquisition electronic unit in a monolithic device. Figure 

19 shows a classical CMOS differential configuration used to amplify the output of on­ 

Silicon Wheatstone Bridge. A few representative characteristics of an integrated CMOS 

amplifier are reported in Table 8, as found in literature for pressure sensors. 

Alternative approaches have been more recently investigated using current–mode bridges 

which exploit the development of stable current sources and the second generation of 

current conveyors (CCII) [192, 193]. A current–conveyor–based interface offers 

advantages for the output signal (current) allowing us to disregard the effect of the 

relatively long wires used, and also enabling the evaluation of up to 5–decade electric 

resistant variations [194–196]. The concept of voltage/current–controlled negative 

resistances, also called Negative Impedance Converters (NICs), has come back into vogue 

because they grant low resistances in current sensing. In particular, the implementation of 

a negative resistance does not require extra temperature monitoring because it makes the 

output voltage insensitive to temperature [197, 198]. The literature reviewed in this section 

has been focused on the front-end interface that represents one of the core components of 

a complete device, which usually includes analog–to–digital conversion, signal processing, 

and communication modules. The latter should also exploit techniques to minimize the 

overall energy consumption, reducing the constraints on power supply with the aim of 

achieving higher efficiency in practical applications. 

 

9. Discussion and Conclusion 
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The survey of the most recent developments in piezoresistive sensors cannot leave out 

the technological contexts within which they have been developed, and researchers have 

faced various challenges in this area. In spite of the fact that more than 150 years have 

passed since the first article on piezoresistivity appeared, and that much progress has been 

made in the field of integrated, flexible and even wearable piezoresistive sensors, some 

common points remain challenging. 

After the first wave of metallic piezoresistive sensors appeared, it was clear to researchers 

that one of the main drawbacks was that undesirable physico–chemical and environmental 

effects (e.g. thermal oxidation and chemical corrosion) degraded the stability of the sensors 

over time [99]. In order to overcome these problems, investigations began in the 1980s on 

nanomaterial–based (e.g. zinc oxide nanowires) strain gauges, even though in some cases 

it was observed that their conductivity decreased with an increase in strain, limiting the use 

of these nanowires exclusively to low–strain applications [199]. Silicon–based nanowires, 

especially p–type, have also been widely investigated for piezoresistive sensing 

applications because they exhibit a very fine piezoresistive sensitivity (known as ‘Giant 

Piezoresistance’) as compared to bulk silicon, and they have been used mostly in 

mechanical sensing [200–204]. So the power of integrated–circuit technology made way 

for the fabrication of nanostructured semiconductor devices for the most varied 

applications, ranging from the evaluation of the contractile force of cardiomyocytes using 

a cantilever with a resolution of less than 0.1 nN, to the use of a gyroscope based on 

piezoresisistive nano–sensing for vestibular implant systems having the main advantage of 

low–voltage operation [205, 106]. In the same period of time, the revolution of sensors 

fabricated on flexible substrates came about simultaneously with the birth of flexible circuit 

technology which was crucial for innovative device fabrication methods [207]. Polymer–

based MEMS technology is very flexible, highly compatible with biological systems and 

low–cost [208]. Many polymeric materials have been adopted for MEMS applications such 

as SU–8, polyimide, PDMS, PMMA and Parylene to name only a few.  

The gauge factor was one of the key parameters for the classification of piezoresistive 

sensors. For instance, a GF of less than 10 identifies metal transducers while 

semiconductors exhibit a gauge factor of up to 200. The growing demand for mechanical 

flexibility due to the development of wearable electronics has led an ample use of polymer–
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based conductive composites in sensing applications. This has had its pros and cons. For 

example, the increase in the use of polymer composites has upset the gauge–factor–based 

classification system. On the other hand, it has opened the doors to the investigation of 

materials with giant GFs (from GF <1 to ~ 103 or even greater), which allow new 

perspectives of application [73, 209, 210].  

This review of the literature has highlighted the fact that piezoresistivity continues to 

remain one the most widespread phenomena for the design and fabrication of sensors for 

robotics and related fields. Although technology has made great strides forward, sensor 

design has remained anchored to the technological dogmas of the mid–1900s. Certainly, 

the advent of composite materials with their excellent characteristics has allowed 

researchers to overcome some problems related to the use of semiconductors and metals 

(see Fig.20), but other aspects require further investigation (e.g. stability and 

reproducibility) [211]. Table VIII shows some of the representative piezoresistive sensors 

that have been reviewed, the main physical, electric and metrological characteristics of 

which could be useful for a qualitative and quantitative comparison. 

Apart from the variety of fields in which piezoresistive sensors are successfully 

employed, the challenge remains in robotic tactile–sensor manufacturing. Piezoelectric and 

capacitive sensors are the most recognized competitors of piezoresistors. On the basis of 

the bioinspired capabilities of humanoids, a distinction should be made between 

piezoresistive and capacitive transducers with respect to piezoelectric transducers. “....the 

human sense of touch can be the starting point....” [4]. Although outstanding progress has 

been made in the field of piezoresistive tactile sensors, the piezoelectric effect seems to be 

the best compromise for artificial tactile perception because of its strict similarity to the 

mechanoreceptors of bio–systems: that is, Pressure difference = Current generation [120, 

212, 213]. On the other hand, in reference to the electric nature of piezoelectricity and 

piezoresistivity, the former doesn't imply the use of transducer supply voltage, as happens 

with active piezoresistive transducers, with enormous advantages in terms of dimension, 

circuit complexity, and power consumption, at least as far as humanoid artificial touch 

goes. However, a comprehensive approach results necessary to reduce power consumption 

in the W range, which is a practical limit for most portable applications (e.g. biomedical) 

[214]. Even though the fragility of semiconductor strain gauges is a limiting factor in 
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robotic end-effectors, their superiority and reliability remains unquestionable in many 

industrial and research fields. 
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Figure Captions 

Fig. 1.  Literature involving the use of the piezoresistive effect from 1960-2018. Source: 

Scopus. 

Fig. 2.  a) Piezoresistive bar to which traction is applied. b) Cross-section of a planar strain 

gauge to which an electrical potential V is applied along the width W, while traction is 

applied along the length l, orthogonal to the page (transverse piezoresistive effect). 

Fig. 3.  a) Energy plot of free particle (dotted line) compared to that of a particle 

(continuous line) which moves in an ordered structure of potential wells; when the energy 

E increases the two curves tend to partially overlap in the allowed bands (not shown in 

Fig.). b) Second derivative of energy versus the wave number. 

Fig. 4.  Minimum energy surfaces for a) germanium, b) gallium arsenide, and c) silicon in 

unstrained state (solid lines) and by applying external stress (dashed lines). The mobility 

T, and L represent the components, perpendicular and longitudinal, respect to the 

principal axis. 

Fig. 5.  Conduction band and valence band in silicon along [111] and [100] k-directions 

[38]. 

Fig. 6.  a) Conductive particles dispersed in an insulating matrix. b) The origin of an 

electrical conduction path at the percolation threshold b). 

Fig. 7.  Conductive rubber tactile sensor. 

Fig. 8.  Various strain gauge configurations. 

Fig. 9.  Two different configuration of force/displacement transducer. 

Fig. 10.  Etching process steps for Si-cantilever production (only one electrode is shown). 

Fig. 11.  Cruciform pressure sensor etched on a silicon membrane (not shown). 

Fig. 12.  Indirect flow measurement. 
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Fig. 13.  Torque sensor in which two strain gauges along a diagonal experience a traction, 

while the other two (along the other diagonal) experience a compression. 

Fig. 14.  Acceleration sensor. 

Fig. 15.  Wheatstone Bridge connected to a differential dc amplifier. 

Fig. 16.  Instrumentation or differential buffer amplifier. 

Fig. 17.  Half Bridge connected to a current-to-voltage converter. 

Fig. 18.  Double current-to-voltage converter [3]. 

Fig. 19.  On-silicon integrated Wheatstone bridge cascaded with a CMOS differential 

amplifier. 

Fig. 20.  Timeline of the main steps in the development of piezoresistive sensor technology. 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 20 
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Table 1  

Resistivity and longitudinal gauge factors of the most common metals used for piezoresistive sensors. 

Material 
Resistivity ( 20 °C) 

[10–6 ·cm]  
GFl Ref. 

Aluminum 2.650 3.1 [33, 30] 

Copper 1.678 2.9 [33, 30] 

Gold 2.214 4.48 [33, 35] 

Iron 9.61 4.2 [33, 32] 

Nichrome V 100 2.0 [34, 32] 

Nickel 6.93 –12.2 [31, 32] 

Platinum 10.5 4.8 [33, 32] 

Silver (printed) 1.587 3.350.13 [33, 29] 

 

 

 

 

Table 2 

Longitudinal gauge factors of the most common semiconductor materials. 

Material  GFl Ref. 

 Silicon  

 [111] [110] [100]  

p–Si 175 120 8.6 [42, 51, 52] 

n–Si –135 –61.4 –133 [42, 51, 52] 

p–Ge 105 65 –10.9 [30, 42] 

n–Ge –155 –105 –5.3 [30, 42] 

n–GaAs –8.9 –6.7 –3.2 [30] 

 Polysilicon  

random n–Si –82.1 [52] 

random p–Si   87.5 [52] 

 Silicon Carbide  

n–6H–SiC  –29.4 [40] 

p–6H–SiC 27 [40] 

 

 

Table 3 

Resistivity of a few representative polymer conductive composites. 

Material 
Resistivity 

[Ω·cm] 
Wt % Ref. 

Carbon Black/Silicone 105  5  [82] 

SWNT/PMMA 103 2 [89] 

MWCNT/PDMS 105 5  [84] 

Graphene/Polystyrene 104 2 [88] 

Expanded Graphite/PMMA 105 1 [90] 

Expanded Graphite/Epoxy 106 3 [90] 

Polyethylene terephthalate/graphene ~103 0.47 [92] 
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Table 4 

Tactile sensor parameters. 

  Ref. 

Articulator design Single/multi finger, hand–like [120, 123] 

Force  Range , direction (e.g. normal, tangential) [124] 

Resolution Temporal (typ. 1 ms), spatial (1–5 mm) [123] 

Static characteristics Linearity, Hysteresis (<5 %) [123] 

Dynamic characteristics Dynamic range (1000:1), bandwidth  

(100 Hz or more) 

[122, 124] 

Material properties Flexibility, compliance, conductive 

mechanisms, thermal stability 

[123, 125] 

 

 

 

Table 5 

Displacement piezoresistive sensors. 

Type Material Displacement Force Size Ref. 

B Silicon 4–11 mm 1 N 11 x 11 mm2 [129] 

B SWNT 30/40 nm 50 nN 200 nm2 [135] 

C n+ Al0.4Ga0.6As 10 pm Hz−1/2   400 x 160 m2 [136] 

C Cr–Ni 200 m 74 mV/m 24 x 24 mm2 [137] 

B: Beam, C: Cantilever. 

 

 

Table 6 

Flow Sensor parameters. 

Size 

[µm2] 

Flow Range 

[m/s] 
Material 

Sensitivity 

[Ω·m–1·s–1] 

Response time  

[s] 
Ref. 

4000 x 400 5–45 Pt  0.0134 (A) 1.38 [155] 

4000 x 1200 5–45 Pt 0.0227 (A) 0.99 [155] 

4000 x 2000 5–45 Pt 0.0284 (A) 0.53 [155] 

20 x 90 0–65 p–SiNW 198 (A) – [156] 

400 x 1100 0.2–0.95 p–Si 4573.9 (W) – [151] 

1500 x 400 0–17 Elastomer 66 (A) – [157] 

A: Air, W: Water. 
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Table 7 

Wheatstone bridge configurations. 

 
Configuration Elements Output Voltage 

1 varying element 
R4=R+R  

R1, R2, R3=R 
V/4·(R/(R+R/2)) 

2 varying elements 

R1=R4=R+R  

R2, R3=R 
V/2·(R/(R+R/2)) 

R2=R–R; R4=R+R R1, 

R3=R 
V/2·(R/R) 

4 varying elements 
R1= R4=R+R  

R2=R3=R–R 
V·(R/R) 

 

 

 

 

Table 8 

CMOS readout interface for piezoresistive sensors. 

Type Sensitivity Power Dimension Process Ref. 

Pressure 8.9 mV/psi 3 W 4 x 4 mm2 0.35 m [187] 

Pressure 4.8 mV/psi 300 W 4 x 4 mm2 0.35 m [188] 

Pressure 159.5 mV/V/bar   0.13 μm [189] 

Pressure 18µV/ V/mbar 200 W 1x1.2 mm2 0.35 μm [190] 

Pressure 450 µV/ V/mbar  0.2 x 0.2 mm2  [191] 
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Table 9 

Summary Table 

Material Design Application Sensitivity Other characteristics Note Ref 

Metal alloy 
Circular  

Ultra–thin film 

Tactile Sensors for  

Hand Exoskeletons 
0.76–4.18 s/bar Hysteresis 12–108 ns 

Commercially 

available FSR 
[7] 

Cr/Au 

Thick film 

Cruciform 

cantilever 

Tactile force, shear stress, fluid 

flow 
0.03 V/μN Resolution 1 μN 

Optically transparent 

Three–axis force 

sensor 

[113] 

NiCr Beam Tactile sensor (force and curvature) 

curvature, force and 

deflection 40 ppm·m, 

340 ppm/nN and 230 

ppm/m 

 
e–skin on flexible 

substrate 
[114] 

Zr55Cu30Ni5Al10 

metallic glass 
Thin–film layer Tactile sensor – 

GF 2.86 

Electric conductivity 5 

103 Scm–1 

Flexible substrate 

Light transmittances 

from 0.2 % to 54 % 

High time stability 

[115] 

Graphene 
Cylindrical thick 

film 
Accelerometer 2.6 mV/g Bandwidth: 20–300 Hz  

Use as accelerometer 

as well as 

microphone 

[70] 

PDMS/Graphene Nano–

platelets 

Cylindrical thick 

film 
Pressure sensor 0.23 kPa–1 Max Pressure: 70 kPa 

PDMS foam coated 

with conductive 

micro–platelets 

[72] 

Polyethylenimine/Grap

hene Oxide 
Ultra–thin film Strain sensor – 

GF 754 (ɛ=5 %) 

Resolution 0.1 % 

Maximum strain up to 50 

% 

Response time: 0.6 s 

Detection of motion 

of human knuckles 
[73] 

CNT/PDMS Double spiral Tactile sensor – 
Strain: up to 60 % 

High sensitivity up to 1 N 

Sensitivity can be 

enhanced by 

controlling the 

content of CNT and 

porosity of CNT–

PDMS 

[77] 

SWCNT/PDMS Thin film Strain sensor – 
Measurable strain up to 

280 % 

Human–motion 

detection 
[78] 
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Durability: 10,000 strain 

cycles 

Linear up to 150 % strain 

GF: 0.82 

Carbon Black/silicone Thick film Pressure sensor  Critical Pressure of 12 

MPa 

GF of about 35 at low 

strain 

Application in 

electronic skin 

[82] 

SOI Diaphragm Pressure Sensor 71 mV/bar 

Pressure range: 0–10 bar  

Maximum nonlinearity of 

0.2 % 

 [141] 

Polysilicon Diaphragm Pressure sensor 3.35–3.74 mV/bar 

Pressure range: 0–30 bar 

Linearity: <0.3 % full 

scale 

Hysteresis: <0.1 % full 

scale 

 [145] 

SiNWs Cantilever Flow sensor 198 /m/s 
Linearity: <0.1 % 

Power consumption: 1 W 
 [156] 

 

ACCEPTED M
ANUSCRIP

T


